Photodeposition of silver nanoparticles onto chemically patterned lithium niobate having alternating lithium niobate and proton exchanged regions has been previously investigated.
Introduction
The polarization-dependent photochemistry of ferroelectric materials such as lithium niobate (LN), which can be tailored via domain engineering and chemical patterning, has been previously exploited to fabricate metallic nanoparticle arrays with potential applications in Raman-based sensing of molecules. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] Chemical patterning by proton exchange of LN with a benzoic acid source through mask openings leads to the substitution of Li + ions in the LN with H + ions from the acid. This substitution modifies the optical and piezoelectric properties and reduces the polarization in the exposed regions. [19] [20] [21] [22] In the case of a 1D mask, the proton exchange process results in a periodically proton exchanged LN (PPELN) surface with alternating stripes of PELN and LN. Due to the creation of the mask openings by reactive ion etching (RIE) and the lateral diffusion (LD) of protons under the mask, the PE area comprises RIE and LD regions. 12 Such PPELN templates have been widely used for the photodeposition of silver nanoparticles from AgNO 3 solution in the presence of super bandgap energy illumination (bandgap of LN ~ 3.9 eV 23 ). 12, 20, 24, 25 While the period, width, and height of the resulting structures can be tailored through the selection of doping, processing, and deposition conditions, the silver nanoparticles typically deposit preferentially in the LD region. 12, 14, 16, 17 The reduction in polarization at the interface between LN and PE regions leads to an electric field tangential to the surface resulting in the accumulation of electrons in the LD region, which reduce the Ag + ions from solution. 12 Such silver nanoparticles have been shown to provide surface enhanced Raman scattering and luminescence of probe molecules. 13, 15, 26 While silver is known to provide enhanced surface plasmon coupling compared to, e.g., gold and copper as a result of less damping of the plasmon resonance, 27 silver is cytotoxic to cells [28] [29] [30] [31] 
Materials and Methods

Materials
PPELN samples, having a period of 6.09 µm, were fabricated from 500 µm-thick z-cut congruent LN crystals (CasTech), as previously reported. 12, 15, 17, 25, 33 Exposure of the -z 
Photodeposition
Prior to photodeposition, the samples were sonicated for 20 minutes each in acetone, isopropanol, and deionized water before being dried with compressed nitrogen. templates were reused after cleaning the samples as described above with an additional step of gently rubbing the sample with isopropanol soaked lens paper in between the acetone and isopropanol sonication steps and verifying that the sample was clean using atomic force microscopy (AFM).
Surface Characterization
Amplitude modulation AFM (MFP-3D, Asylum Research) was used to probe the surface topography of each sample before and after photodeposition with cantilevers having a typical resonant frequency of ~ 310 kHz and spring constant of ~ 40 N/m (PPP-NCH, Nanosensors).
Complementary surface morphology images were acquired using a scanning electron microscope (SEM) (S-4300, Hitachi) with a source voltage of 10 kV.
Cell Viability
For the cell biocompatibility study, all samples were sterilized prior to cell culture for 20 minutes each in acetone, isopropanol, milliQ water, and ethanol via sonication and exposed to ionized air (963E, 3M) for 10 seconds. An osteoblast cell line (MC3T3) was cultured in flasks (T75, Sigma-Aldrich) until ~ 90% confluence using alpha minimum essential medium (M8042, Sigma-Aldrich) and supplemented with 10% fetal bovine serum, 1% penicillinstreptomycin, 2% 2 mM L-glutamine, and 1% sodium pyruvate (Invitrogen) (i.e., the cell culture media). The samples were then placed in 12 well plates (Greiner bio-one) and immersed in 2 ml of media at 37 o C prior to cell seeding (10,000 cells per well as determined using a hemocytometer (3100 Bright-Line, Hausser Scientific)). The samples were kept in an incubator (Thermo Scientific) at 37 o C, with 95% humidity and 5% CO 2 .
To observe the cell morphology, the actin cytoskeleton and nuclei of MC3T3 cells were fluorescently stained and imaged via fluorescence microscopy. Each sample was cultured for 1 and 4 days and the staining was carried out after incubation. The cell culture media was aspirated and the samples were rinsed with phosphate buffered saline (PBS) and fixed in 4%
paraformaldehyde/PBS for 20 minutes at room temperature. The samples were then permeabilized with 0.1% Triton X-100/PBS for 5 minutes. The actin was stained with fluorescein isothiocyanate-labeled phalloidin (P5282, Sigma-Aldrich) at a 1:100 dilution in PBS for 20 minutes and the nuclei were stained with 4',6-diamidino-2-phenylindole (DAPI) (90229, Millipore) at a 1:1000 dilution in PBS for 5 minutes. After the permeabilization and staining steps, the samples were immersed in PBS for 5 minutes. Immersion was repeated two additional times in fresh PBS. The samples were imaged with a 10 objective (200M, Zeiss Axiovert). Image colorization was performed using ImageJ (NIH).
Results and Discussion
Photodeposition of Gold
The HAuCl 4 concentrations used and the measured pH values are shown in Table 1 . The AFM topography images of the PPELN surfaces before ( Fig. 1(a) ) and after ( Fig. 1(bf) ) illumination for 20 minutes in different HAuCl 4 concentrations (10 -5 -10 -1 M) were used to determine where gold deposited. The RIE, LD, and LN regions are indicated in Fig. 1(a) .
The darkest stripes correspond to the overetching of the surface by RIE and are adjacent to the raised LD regions associated with surface swelling during proton exchange.
For an HAuCl 4 concentration of 10 -5 M (Fig. 1(b) ), there appears to be trace amounts of deposition, most notably in the LD regions. For 10 -4 M (Fig. 1(c) 
Bimetallic Photodeposition
The tunability of the location of preferential gold deposition from LD to RIE regions provides an opportunity to deposit both gold and silver nanoparticle arrays on the same sample. Following gold deposition onto RIE regions using 10 -2 M HAuCl 4 and illumination for 20 minutes, silver was deposited onto LD regions of the same sample using 10 -2 M AgNO 3 for 20 minutes, resulting in a sample with adjacent gold and silver nanoparticle arrays (Fig. 3 ). An averaged line profile is shown in Fig. 3(b) . Such bimetallic PPELN templates may have potential applications for sensing selective adsorption of different species or combining advantages of silver and gold, e.g., by exploiting the enhanced plasmon resonance of silver and the biocompatibility of gold. 36 
Cytocompatibility of Metallic Nanoparticle Arrays
To investigate the cytocompatibility of gold, silver, and bimetallic nanoparticle arrays on PPELN for, e.g., cellular biosensing applications, MC3T3 osteoblasts were cultured on each sample over 4 days and fluorescence microscopy was used to visualize the cells (Fig. 4) .
Cells adhered to and proliferated on PPELN in the absence of metal (Fig. 4(a-c) ) and in the presence of gold nanoparticles (Fig. 4(d-f) ). The cells on the PPELN surface without metal were nearly fully confluent by day 4 (Fig. 4(c) ) whereas cells on the gold sample were fully confluent by day 4 (Fig. 4(f) ), suggesting that osteoblasts are cytocompatible with both PPELN and gold nanoparticles on PPELN. The demonstrated cytocompatibility of PPELN may enable biophotonic applications that utilize the optical waveguide properties of PELN.
However, in the presence of silver nanoparticle arrays (Fig. 4(g-i) without gold and Fig. 4(j-l) with gold), the cell number was reduced compared to the PPELN control, in agreement with reports on the cytotoxicity of silver. 29 To quantify these fluorescence images, cell counting was performed via nuclei staining (Fig. 5) . The gold nanoparticle array sample had significantly more cells than all samples after day 1 and day 4. By day 4, both the silver and the bimetallic nanoparticle array samples had significantly less cells compared to the gold nanoparticle array sample and PPELN control. The number of osteoblasts is slightly larger when gold and silver are present as opposed to silver alone. This suggests that it may be possible to tailor the cytocompatibility of the surface to an extent by changing the ratio of RIE to LD regions, and thereby the ratio of gold to silver, during the fabrication of the PPELN templates. These results are consistent with previous reports on enhanced osteoblast proliferation on gold surfaces, 37 however, the surface topography may also affect proliferation. 38 The topography of the gold nanoparticle arrays, presumably depending on their height, were found in some instances to provide anisotropic cues to the cells leading to preferential alignment parallel to the nanoparticle array (Fig. 6) .
Conclusions
Whereas silver deposits preferentially on the LD regions of PPELN templates independent of the AgNO 3 concentration used, gold deposits preferentially in the RIE regions for 10 -3 and and actin (phalloidin, green)) on each sample for day 1 and day 4 for (b, c) no deposition, (e, f) gold deposition, (h, i) silver deposition, and (k, l) gold and silver bimetallic deposition.
The direction of the nanoparticle arrays in the fluorescent images matches that of the AFM images. 
